It was found that in a shallow channel the hydrodynamic derivatives change appreciably with motion frequency, and that this change is due to the effect of shed vortices generated by ship maneuvering motion.
Introduction
In restricted water such as channel or canal a ship inevitably travels close to the channel bank or other ships, so that the hazard of collision will increase.
Therefore, safe operation and effective control of the ship in such water require a sound knowledge of the hydrodynamic forces on it. This paper deals with the problems of ship maneuvering in a shallow channel.
A theoretical model is developed for investigation of the nature and magnitude of such forces.
A brief review of the past analytical work on hydrodynamic forces in restricted water will be given first. Inoue and Kijima predicted the hydrodynamic derivatives on a rectangular plate moving obliquely in water channel by using the wing theory for small aspect ration. Exploiting the slender body assumptions, Newman presented closed form results for a spheroid moving near a wall2). Beck examined the hydrodynamic forces on a ship moving off the centerline of a channel by using the method of matched asymptotic expansions5) similar to that employed by Tuck and Newman6) . As these studies deal with the steady problem, it is not applied to the prediction of the accelerating terms of hydrodynamic forces and moments, i. e. added mass and moment of inertia.
Yeung presented a calculation method of the unsteady interaction forces between two slender ships moving in a shallow water7).
This method takes into account the memory effect due to the shed vortices varying in response to relative position of two ships, and the numerical results showed good agreement with experimental results10). Furthermore, Yeung and
Tan examined the hydrodynamic interactions of ships with fixed obstacles8) . However, this method deals with the problem of only ahead motion. Therefore, it is not applied to the calculation of hydrodynamic forces when a ship moves with swaying or yawing motion such as the case for zigzag motion.
In this paper, a calculation method of hydrodynamic forces acting on ship with lateral motion in a shallow channel is presented by extending the method presented by Yeung, and a prediction method of hydrodynamic derivatives on ship maneuvering is presented.
Further, the effects of ship motion frequency, channel bank and water depth on the hydrodynamic derivatives are theoretically examined. tion of x. Let ci(xo,yo,z0 ; t) be the velocity potential describing the disturbances generated by the ship motion.
With the assumption that the free surface can be treated as a rigid wall, the boundary-value problem for 0 can be derived : ( 2 ) ( 3 ) ( 4 ) ( 5 ) where n, represents the x-component of the unit normal n interior to hull surface, and ny the ycomponent.
In order to simplify the problem, the following assumptions are made.
( 1 ) The length of the ship L is order of unity, and the breadth B and the draft d are small relative to the length : where a is slenderness parameter.
( 2 ) The water depth h is shallow :
The channel bank is a large distance away from the ship') :
where 5., represents the distance between the ship and the channel bank.
2.2
Inner Problem In the inner region close to the ship it follows that By applying these to Eqs. (2), (3) and (4), the leading-order potential 0(y, z ; t) in this inner region can be shown to satisfy the following conditions. (6) (7) (8) where N represents the unit two-dimensional interior normal to the section contour 21/3 in the y-z plane.
From the boundary condition (7), it is assumed that 0 is represented by the following expression. ( 9) where (10) and 01 and 02 are the unbounded shallow water flow potentials due to the longitudinal motion and the lateral motion respectively. 0* is an additional potential due to the partial diversion of the lateral flow. This diversion comes from the flow around the body ends and the effect of channel bank. f is an arbitrary constant in this two-dimensional problem formulations.
01,02 and 0* are required to satisfy the following conditions.
(11) (12) (13) Now let us consider the outer limit of the inner solution.
The limit for 01 is given by Tuck') as (14) where S(x) is the double body sectional area of the ship.
With the following approximation in Eq. (12) (17) where V* is an additional cross flow velocity to V at the ship section.
0° is a potential required to satisfy the following conditions so that 0* satisfies the Eq. (13).
(18) Then, the outer limit for 0** is the same as that for 09
(19) Therefore, the outer limit for 0* can be written as (20) From Eqs. (14), (16) and (20) the outer limit of the inner solution can be expressed as Then, the problem in the outer region corresponds to the two-dimensional problem in the horizontal plane4). As 72 is small relative to the ship length, the leading-order potential 00(xo, yo t) can be represented by distribution of source and vortex along the x-axis.
(22) where a and r are the distributed source and vortex strengths respectively. (e0,720) is the source or vortex point, and (xo, 0) is a field point. Go) and G(;') will be referred to as the "obstacle Green functions"), which are defined as (29), and substituting Eq. (27), the integral equation for r can be obtained as (30) In this equation, the first term on the left-hand side represents the effect of bottom clearance and V is the lateral velocity defined by Eq. (10). The first term on the right-hand side represents the effect of the channel bank due to the source distribution and the second term is the contribution due to the vortex distribution including the effect of channel bank. 
(ii) Pure Yawing Motion In this motion the ship is forced to yaw and sway as its drift angle is always kept to be zero. Therefore r only changes periodically. 
If the r distribution can be obtained when a ship travels with pure swaying or yawing motion along the centerline of the channel, the hydrodynamic derivatives can be calculated from Eqs. (43), (44), (46) and (47). 3 .
Results and Discussion
The integral equation (30) with the auxiliary conditions (31) and (32) was solved using a vortex lattice methoc12). The details of the numerical scheme are shown in Appendix.
Basically the ship is divided into a number of segments, and all the vortex strength within the element is assumed to be concentrated at one point.
The integral equation is then satisfied at control points so that a system of simultaneous equations results at each time step.
Solving the simultaneous equations by matrix inversion yields the value of the vortex strength. Fig. 2 compares the lateral force and yawing moment obtained by using the present method with Cohen and Beck's calculations for a mathematical ship's.
Cohen and Beck dealt with the steadystate problem based on a slender-body theory presented by Becky, and their calculated hydrodynamic forces showed qualitative agreement with experiments.
The present results agree with Cohen and Beck's calculations using a quite different method. Table 1 shows the hydrodynamic derivatives, Y.,' and obtained by analyzing these forces and moments.
The agreement between both derivatives is also good. These checks validate the principles of the present algorithm as well as the computer program itself.
The numerical results are presented for a Series 60 model, C5=0. 6. Fig. 3 shows the sectional area curve of the ship. The blockage coefficient C(x) was estimated by assuming that the section shape is rectangular and by using a formula given by Taylor13). Fig. 4 shows C(x) for various water depth ratios, hid.
Figs. 5 through 8 show the hydrodynamic derivatives on ship maneuvering in unbounded shallow water.
In these figures, the nondimensional derivatives are plotted for various hid (1. 1, 1. 2, 1. 3 When the water depth is shallow, the strength of shed vortices becomes larger.
From these results, it can be considered that the vortices generated by unsteady maneuvering motion has influence on hydrodynamic forces in shallow water.
Figs. 10 through 13 compare the hydrodynamic derivatives obtained by using the present method with Loeser's experiments in unbounded shallow water.
In these figures the derivatives are plotted versus hld. The present results show qualitative agreement with the experiments.
However, some of the predictions are too low, particularly, Y;.' and Yr'.
This may be because of the higher order terms of velocity potential and viscous effects have been neglected.
Figs. 14 through 17 show the hydrodynamic derivatives in a shallow channel.
In these figures, the derivatives are plotted for various We/L (0.4, O. 6, 1. 0 and co) at a with h/d=1. 2. As can be seen from the figures, absolute values of the derivatives become larger when channel width is small, and the effect of channel width on the derivatives is smaller than the effect of water depth. This tendency is the same as Fujino's experiments for Mariner ship mode116). However, the effect of channel width on the derivatives is small when compared with the trends observed in Fujino's experiments.
Some improvements of the present method may be required for accurate prediction. The behavior of the derivatives for motion frequency is roughly similar to that in unbounded shallow 
and xi is the control point located at the i'th segment, e, the vortex point on the j'th segment of the ship and its wake. The additional equations can be obtained from Eqs. (31) and (32) in discretized form as follows. 
In the present calculations, the vortex points and control points were chosen to be 1/4 and 3/4 of the segment length respectively"). The time-step ZIt was set as and the segment number of the ship M was chosen to be 40. The hydrodynamic derivatives were calculated by analyzing the r distribution from the 80 th time-step to the 300 th time-step excluding the effect of starting vortex. Fig. 16 Hydrodynamic derivatives on ship maneuvering, and Na', for various WelL in a shallow channel 
